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Self-powered robots to reduce motor slacking during upper-extremity rehabilitation: a proof of concept
study
Edward P. Washabaugh, Emma Treadway, [...], and Chandramouli Krishnan
Abstract
Background:
Robotic rehabilitation is a highly promising approach to recover lost functions after stroke or other neurological disorders. Unfortunately, robotic
rehabilitation currently suffers from “motor slacking”, a phenomenon in which the human motor system reduces muscle activation levels and
movement excursions, ostensibly to minimize metabolic- and movement-related costs. Consequently, the patient remains passive and is not fully
engaged during therapy. To overcome this limitation, we envision a new class of body-powered robots and hypothesize that motor slacking could be
reduced if individuals must provide the power to move their impaired limbs via their own body (i.e., through the motion of a healthy limb).
Objective:
To test whether a body-powered exoskeleton (i.e. robot) could reduce motor slacking during robotic training.
Methods:
We developed a body-powered robot that mechanically coupled the motions of the user’s elbow joints. We tested this passive robot in two groups of
subjects (stroke and able-bodied) during four exercise conditions in which we controlled whether the robotic device was powered by the subject or by
the experimenter, and whether the subject’s driven arm was engaged or at rest. Motor slacking was quantified by computing the muscle activation
changes of the elbow flexor and extensor muscles using surface electromyography.
Results:
Subjects had higher levels of muscle activation in their driven arm during self-powered conditions compared to externally-powered conditions. Most
notably, subjects unintentionally activated their driven arm even when explicitly told to relax when the device was self-powered. This behavior was
persistent throughout the trial and did not wane after the initiation of the trial.
Conclusions:
Our findings provide novel evidence indicating that motor slacking can be reduced by self-powered robots; thus demonstrating promise for
rehabilitation of impaired subjects using this new class of wearable system. The results also serve as a foundation to develop more sophisticated body-
powered robots (e.g., with controllable transmissions) for rehabilitation purposes.
Keywords: Rehabilitation robotics, hemiparesis, active engagement, EMG, metabolic cost, wearable, cable robot
Introduction
Robotic rehabilitation is a fast emerging and promising approach to recover lost functions after stroke or other neurological disorders (Caleo, 2015;
Loureiro et al., 2011). Rehabilitation robots are gaining popularity because they are able to partially automate, standardize, and potentially increase the
dosage of the therapy that patients can receive following injury (Huang and Krakauer, 2009). For the most part, robots that are used in therapy are
assistive, where motors on the device power the subject by either unweighing their limb or fully aiding their movement (Marchal-Crespo and
Reinkensmeyer, 2009). Typically, the motors used in these devices are expensive and heavy when worn by the subject and pose an inherent safety
issue, because if the control system is not properly validated, errors could potentially lead to injury. Additionally, during this type of training, subjects
are susceptible to motor slacking (Marchal-Crespo and Reinkensmeyer, 2009; Reinkensmeyer et al., 2009) – a phenomenon where the motor system
reduces muscle activation levels and movement excursions, which may minimize metabolic- and movement-related costs. Hence, the patient remains
passive and is not fully engaged in the training, which is not optimal for the recovery process (Duret et al., 2015; Israel et al., 2006; Lotze et al., 2003).
Although roboticists are working on new control algorithms to better engage these patients (i.e., assist as needed, error reduction, error augmentation,
etc.), research on these paradigms have found only limited benefits (Amirabdollahian et al., 2007; Marchal-Crespo and Reinkensmeyer, 2009; Patton
et al., 2006a; Stein et al., 2007; Wirz et al., 2005). Thus, there is a critical need for unique robotic devices that can minimize slacking (i.e., letting the
robot do all the work) and increase engagement in training.
Body-power is an alternative to external power, and can be harvested in order to drive robotic devices. In its most simple form, a rehabilitation robot
can operate using body-power by having the subject’s own limbs drive, or self-power the movement of the device using a direct transmission system.
This is common in prosthetics, where movement of the residual limb is used to power the opening and closing of a hooked end effector. Indeed, many
patients prefer body-powered robotic prostheses as opposed to modern myoelectric controlled models (Biddiss and Chau, 2007; Millstein et al., 1986),
which may be in part due to the proprioceptive position and force feedback provided through the cable to the residual limb (Simpson, 1974). We
believe that this same benefit would apply to body-powered rehabilitation robots. However, in the proposed body-powered robotic system, the subject
would be driving their impaired limb for therapy, rather than a prosthesis. There are several practical advantages to training with body-powered
rehabilitation robots. In addition to providing proprioceptive feedback through the robot’s transmission system, a body-powered rehabilitation robot
would improve safety as well as overall comfort since the user is in direct control of the system. These devices would also be cost effective and
lightweight since they use transmissions to route power between joints rather than expensive and heavy motors. This could greatly increase their
utility both within and outside the clinic, as patients could afford to continue training in their own homes. More importantly, body-powered
rehabilitation robots could reduce motor slacking during robotic-assisted rehabilitation, thereby facilitating active engagement during therapy.
How could a self-powered robotic device reduce motor slacking during training? In part, slacking during robot-assisted exercise is a consequence of a
subject’s motor system exploiting assistive forces from the robot to minimize effort associated with movement (Casadio and Sanguineti, 2012;
Casadio et al., 2013; Emken et al., 2007b; Reinkensmeyer et al., 2009). That is, unless subjects are either provided external motivation or are self-
motivated to exert additional power during training, they will naturally tend to reduce their effort when performing a motor task (Casadio and
Sanguineti, 2012; Emken et al., 2007b; Hidler et al., 2008). This is problematic in externally-powered (i.e., active motor driven) rehabilitation robots,
as the user tends to extract as much power out of the robot as possible; thus, they reduce their own power output and slack. Alternatively, if the robot
does not produce net power, this adverse incentive could be rendered ineffective, which is the basis of operation for body-powered rehabilitation
robots. In this new paradigm, the robot does not inject additional power to the system during training; rather, the mechanical power is transferred
between the driving (powering) and driven (powered) joints of the subject. We note that although the joints are intended to either drive or be driven in
therapy, the flow of power may not always be in the direction from the driving to the driven joints. However, in theory, since no net power is
introduced into the system, the user will remain engaged and will actively participate in training while using a body-powered rehabilitation robot.
Potentially, body-powered robots could even increase active participation by the user and reduce slacking compared to an externally-powered robot, as
reducing effort in the driven joint would necessitate additional effort from the driving joint. This finding could be of great importance for patients who
are impaired due to neurological injury (e.g., stroke, spinal cord injury, and multiple sclerosis), as these populations are prone to compensations and
motor slacking (due to learned disuse), which is potentially detrimental to their recovery (Israel et al., 2006; Secoli et al., 2011; Taub et al., 2006).
Thus, this study was performed to determine whether a device that harnesses the user’s own body-power (i.e., self-powered) reduced slacking as
opposed to when the device was externally-powered. To test this, we first designed and fabricated a low-cost and lightweight body-powered device
that mechanically coupled the user’s elbow joints. We then designed an experiment to test able-bodied (neurologically intact) and stroke subjects while
using the device during various self-powered and externally-powered exercise conditions. Throughout the experiment, we measured muscle activation
as a means to determine the subject’s effort and the level of motor slacking. We hypothesized that motor slacking can be effectively reduced if
individuals provide the power to move the limb via their own body power (i.e., from their opposite limb). We found that the use of body power to
drive a rehabilitation robot can be an effective means to actively engage the driven limb during robotic-assisted training.
Materials and Methods
Device Design
We developed a wearable body-powered exoskeleton device that mechanically coupled the motions of the user’s elbow joints (Fig. 1 and Video,
Supplemental Digital Content 1). Bowden cables were used to realize a fixed 1:1 transmission ratio between the joint positions of the exoskeleton
device. Each elbow was spanned using two 3D-printed ABS plastic exoskeleton segments: one for the upper arm, and one for the forearm. The two
segments were connected on either side of the elbow joint by a hinged ball bearing connection. A rotary optical encoder (US Digital E2-1024-250-NE-
D-T-B) was used to measure the elbow angle of each arm.
Fig 1.
Passive body-powered robot that mechanically couples elbow joints.
Two Bowden cables were employed to allow transmission of power during both extension and flexion of the elbow. The outer housing of the Bowden
cable was anchored to the upper arm exoskeleton segment via typical mounting brackets on one arm; on the other arm, the cable and housing ran
through a hole in a custom L-shaped bracket, allowing for tensioning of the cable by spinning a nut along the housing winding. The ends of the inner
cable were wound around and were mounted to a capstan-style pulley incorporated in the lower arm segment design. By virtue of this pulley
arrangement, a constant transmission ratio was achieved regardless of the elbow angle.
Custom molded cuffs were employed to secure each exoskeleton to the arm via hook and loop fastening elastic straps. The cuffs were custom
fabricated by the University of Michigan Orthotics and Prosthetics Center to fit an arm shape. A variety of cuff sizes were made in order to fit the
device to typical small, medium, or large arms. The straps had some elasticity in order to account for expansion along the arm’s diameter as muscles
contract, thereby ensuring that the device did not restrict the user’s range of motion. These cuffs were bolted to the supporting 3D-printed exoskeleton
structure, which passed below each arm.
Human Subjects Experiment
Experiments were performed to evaluate the merits of self-powered training using our body-powered device (Video, Supplemental Digital Content 1,
which provides a description of the device and an overview of the experiment). Seven neurologically intact able-bodied adults (N = 7 [2 females and 5
males]; age: 24.0±7.0 years; height: 176.8±11.1 cm; weight: 69.3±14.0 kg) and six stroke survivors (N = 6 [4 females and 2 males]; age: 54.5±15.4
years; height: 167.2±11.4 cm; weight: 74.5±19.1 kg; upper-extremity Fugl-Meyer: 52.7±15.6; time since stroke onset: 3.4±2.9 years; Modified
Ashworth Scale: 0.5 (0–2) [Median (Range)]) participated in the study. All able-bodied subjects were right hand dominant based on their own self-
report, which is highly correlated with handedness questionnaires (Coren, 1993). Stroke subjects were included in this study if they 1) were between
18 and 75 years of age, 2) had a unilateral stroke at least 6 months prior to participation, and 3) had a cortical or sub-cortical lesion that was
documented by radiological (CT or MRI) or clinical findings. Exclusion criteria included: 1) uncontrolled diabetes or hypertension, 2) Mini-Mental
State Exam score < 22, 3) severe aphasia or inability to understand instructions, and 4) severe elbow spasticity (Modified Ashworth > 2), contractures,
or limitations in joint range of motion. All procedures were carried out in accordance with the University of Michigan Human Subjects Institutional
Review Board, and before participating in the study, all subjects provided written informed consent that also permitted the use of picture media in
journals and other publications.
In this study, each subject wore the Bowden cable device described above during four conditions in which we controlled whether the device was
powered by the subject (self-powered) or by the experimenter (externally-powered), and if the subject’s driven arm was engaged (active) or at rest
(resting) (Fig. 2).
Fig 2.
Schematic of the experimental protocol.
1. Active Self-powered (C1): The subject wore the device on both arms and was instructed to use both arms to perform a target-matching task.
2. Resting Self-powered (C2): The subject wore the device on both arms but was instructed to rest (i.e., relax) their non-dominant/affected arm
and perform the task with their dominant/unaffected arm.
3. Active Externally-powered (C3): The device was externally-powered by the experimenter who wore the driving side of the device and
performed the target-matching task, while the subject was instructed to contract in coordination with the externally delivered power using
their non-dominant/affected, driven arm.
4. Resting Externally-powered (C4): The device was externally-powered by the experimenter who wore the driving side of the device and
performed the target-matching task, while the subject was instructed to rest their driven arm.
During testing, the subject was positioned with their forearm secured into the cuff of the lower arm of the device and the elbow joint center aligned
with the rotational axis of the device, and was asked to keep their wrist approximately in a neutral position (i.e., wrist and forearm at 0°). The proximal
part of the device was then fixed to a riser located on a table, so as to allow for full extension of the elbow without interference. In this configuration,
the subject performed the self-powered conditions. For the externally powered conditions, the device was placed onto the experimenter’s arm in the
same fashion. The same experimenter powered the driving arm for each subject group in the study. Further, the subjects were given clear instructions
for each condition and the same experimenter gave those instructions for each group of patients. Instructions were given at the beginning of each trial,
and the experimenter obtained verbal confirmation that the subject understood the instructions. Steps were also taken to make sure that the subjects
were not influenced by the knowledge of the experiment (e.g., subjects were given no indication about the hypothesis, subjects were not coached
during the experiment, and subjects were not given knowledge of the results [i.e., muscle activation during the experiment]). The target-matching task
was performed for ten minutes in total (two-five minute blocks with a one minute rest in between each block to minimize fatigue and subject
discomfort) during each condition.
Target-Matching Task The target-matching task required the device user to follow a 0.3 Hz sinusoidal trajectory shown on a 42 inch LCD TV monitor
(placed at about 6 feet in front of the subject) by flexing and extending their elbow (Fig. 3A). The template wave was shifted and scaled so that the
minimum corresponded to the subject’s fully extended position, while the maximum amplitude corresponded to approximately 70% of the subject’s
range of motion (maximum flexion) while wearing the device. While matching the target trajectory, the elbow joint angles of the driven limb were
recorded in real-time using the encoder on the device and displayed as feedback. Communication with the encoder was carried out using a quadrature
to USB adapter (QSB, US Digital, Vancouver, WA, USA) and LabVIEW 2011 software (National Instruments Corp., Austin, TX, USA), which
sampled the data at 30 Hz. While the experimenter was matching the target (i.e., conditions 3 and 4), subjects were not given visual feedback of the
sinusoidal trajectory. This was done so that the subject would reliably contract in phase with the experimenter rather than oppose them using their
corresponding antagonist muscles, as we observed during pilot testing.
Fig 3.
Schematic of the training task, experimental setup, and data processing.
Electromyography Prior to the experiment, surface electromyography (EMG) electrodes (Trigno, Delsys, Natick, MA) were placed over the muscle
bellies of the elbow flexors (biceps brachii and brachioradialis) and extensors (triceps brachii) of both the driven (the arm being powered) and driving
arm (the arm supplying the power) of the study participants (Fig. 3B). Electrodes were placed according to established guidelines (www.seniam.org)
(Krishnan et al., 2013b; Ranganathan and Krishnan, 2012). For fixation, the EMG electrodes were tightly secured to the skin using self-adhesive tapes
and cotton elastic bandages. The quality of the EMG signals was visually inspected to ensure that the electrodes were appropriately placed. The raw
EMG data of both the subject and experimenter were collected during their respective conditions using custom software written in LabVIEW 2011
(National Instruments Corp., Austin, TX, USA), and were sampled at 1000 Hz.
Data Analysis
The subject’s muscular effort while using the device was evaluated using the EMG data collected during the four testing conditions. For processing,
the raw EMG data were band-pass filtered (20–500 Hz), rectified, and smoothed using a zero phase-lag low-pass Butterworth digital filter (8th order, 6
Hz Cut-off) (Krishnan et al., 2013b; Washabaugh et al., 2016). The resulting EMG profiles of the four conditions were then segmented at each period
of the target-matching task (i.e., cycle-by-cycle). Periods of the sinusoidal trajectory used in the matching task were identified using accelerometer
data collected from the Trigno EMG sensors. We then calculated the cycle-by-cycle maximum by finding the maximum EMG amplitude over each
period of the sinusoidal trajectory (Fig. 3C). The cycle-by-cycle maximum values were then used to compute two outcome variables that quantified
motor slacking and its time course (i.e., whether the behavior was consistent during training): (1) average muscle activation, and (2) slope of the cycle-
by-cycle maximums. The average muscle activation values were calculated by computing the mean of the cycle-by-cycle maximums and were
normalized as follows: in the driven arm, the values for each condition were expressed as a percentage of values obtained during condition 1 (C1/C1,
C2/C1, C3/C1, and C4/C1). For the driving arm, the subject’s EMG values were expressed as a percentage of condition 1 (C1/C1, C2/C1), while the
experimenter’s EMG values (while driving the device) were expressed as a percentage of condition 3 (C3/C3, C4/C3). The slope was calculated by
performing a linear regression over the cycle-by-cycle maximums. Here, lower average muscle activation would indicate motor slacking and a
difference in slope (i.e., differences in slope across conditions) would indicate that the time-course of slacking behavior was inconsistent between
conditions.
Statistical Analysis
All statistical analyses were performed separately for both groups using SPSS for Windows version 22.0 (SPSS Inc., Chicago, IL, USA). First,
descriptive statistics were computed for each variable. Then, to examine the effects of the device on motor slacking, we performed three-way repeated
measures analysis of variance (ANOVA) on the average muscle activity and slope with group as a between-subjects factor and condition and muscle
as within-subjects factors. For the driven arm, analyses were performed to compare the self-powered and externally-powered conditions when the
driven arm was either active (i.e., condition 1 vs 3) or resting (i.e., condition 2 vs 4). For the driving arm, analyses were performed to compare the
active and resting conditions when the device was either self-powered by the subject (i.e., condition 1 vs 2) or externally powered by the experimenter
(i.e., condition 3 vs 4). Driving arm analyses were performed to demonstrate the increased effort during resting conditions. A significant three-way
interaction (condition × muscle × group) was followed up by two-factor repeated measures ANOVA for each group. Significant main effects or
interaction effects were followed up by paired t-tests with Bonferroni correction. A significance level of α = 0.05 was used for all statistical analyses
and all tests were two-sided.
Results
Driven arm
Active Self-Powered and Active Externally-Powered (conditions 1 and 3) Three-factor repeated measures ANOVA revealed a significant main effect of
condition on average muscle activation [F(1,11)=5.055, p=0.046]. Muscle activation was higher when the subject self-powered their driven arm
compared with the condition in which their arm was externally-powered (Fig. 4). There were no significant group or interaction effects for average
muscle activation (see supplemental appendix 1A for details). There were also no significant main effects or interactions for the slope of the muscle
activation (see supplemental appendix 1B for details). The time-course of muscle activation can be seen in Fig. 5.
Fig 4.
Average muscle activity of the driven arm.
Fig 5.
Driven arm cycle-by-cycle muscle activation.
Resting Self-Powered and Resting Externally-Powered (conditions 2 and 4) There was a significant condition × muscle × group interaction on average
muscle activation [F(2,22)=4.280, p=0.027]. Again, there was no significant effect for group (see supplemental appendix 1C for details). Two-factor
repeated measures ANOVA for each group revealed a significant main effect of condition for both the stroke [F(1,5) = 9.943, p = 0.025] and able-
bodied subjects [F(1,6) = 18.934, p = 0.005]. Muscle activation was higher when the subject self-powered their driven arm compared with the
condition in which their arm was externally-powered (Fig. 4).
In able-bodied subjects, there was also a significant condition × muscle interaction effect on average muscle activation [F(2,12) = 3.947, p=0.048].
Post hoc analysis showed that this occurred because the biceps and brachioradialis muscle activation decreased to a larger extent than the triceps
muscle during externally-powered condition (a decrease in average muscle activation of 34.2 ± 10.1%, 20.6 ± 4.6%, and 13.6 ± 4.0%, respectively),
although all muscles showed significant differences in muscle activation between the two conditions (p = 0.004 to 0.015). There were no other
significant main effects or interactions for average muscle activation within the groups (see supplemental appendix 1D for details).
Three-way repeated measures ANOVA indicated a significant muscle × group interaction effect [F(2,22)=6.198, p=0.007] on the slope of muscle
activation, where post hoc testing showed that the biceps had a larger (i.e., more positive) slope than the triceps and brachioradialis in stroke survivors
(p= 0.015 to 0.016). There were no other main or interaction effects (see supplemental appendix 1E for details).
Driving arm muscle activity
Active Self-Powered and Resting Self-Powered (Conditions 1 and 2) There was a significant main effect of condition on average muscle activation
[F(1,11)=12.933. p=0.004]. As expected, muscle activation was higher in the subject’s driving arm when the subject was resting their driven arm
compared with when the subject was actively using their driven arm during the task (Fig. 6). There were no other significant group or interaction
effects seen in the subjects’ driving arm for either average muscle activation or slope of the muscle activation (see supplemental appendix 1F for
details). The time-course of muscle activation for the driving arm can be seen in Fig. 7.
Fig 6.
Average muscle activity of the driving arm.
Fig 7.
Driving arm cycle-by-cycle muscle activation.
Active Externally-Powered and Resting Externally-Powered (conditions 3 and 4) There was a significant main effect of condition on average muscle
activation [F(1,11)=31.249, p<0.001]. Muscle activation was higher in the experimenter’s driving arm when the subject was resting their driven arm
compared with when the subject was actively using their driven arm during the task (Fig. 6). This is analogous to the extra power that a motor would
exert if the subject was slacking during training. There were no other significant group or interaction effects seen in the experimenter’s driving arm for
average muscle activation or slope of the muscle activation (see supplemental appendix 1G for details).
Discussion
This study tested a novel hypothesis that motor slacking during rehabilitation can be reduced by using self-powered rehabilitation robots. To test this
hypothesis, we first designed and fabricated a device that mechanically linked a subject’s elbows via a cable transmission. This device was then
utilized in a human subject experiment in which the subject operated the device in various self-powered or externally-powered exercise conditions.
The results of this study indicate that the device reduced slacking when it was self-powered by the subject compared to when the device was
externally-powered by the experimenter. Most notably, when the device was self-powered, subjects unintentionally activated their driven arm even
when explicitly told to slack by relaxing their arm. This finding is important, as it provides the basis for further testing of body-powered robots during
rehabilitation of individuals with neurological impairments.
The field of rehabilitation robotics has seen significant growth in recent years, particularly due to the ability of robots to provide high-intensity task-
oriented therapy while reducing the physical labor exerted by therapists. However, emulating the many functions of a therapist is a major challenge for
a robot. Therapists provide interventions gauged to a patient’s needs, provide gentle, compliant manual assistance when needed, and occasionally
provide extra resistance to encourage the patient to exert more effort. Producing a robot that emulates a therapist presents two major technical
challenges: 1) an interface is required that ensures safety, supports patient-centered adaptation, and promotes patient engagement, and 2) compact and
portable actuation is required to source sufficient power in a manner that is backdriveable and compliant. Both of these challenges are augmented if
the robotic device is to be taken out of the clinic and into the home. Accordingly, a number of robotic devices have been built to improve the robotic
interface and promote active involvement of the patient during the therapy (Brochard et al., 2010; Chang et al., 2018; Hogan and Krebs, 2011; Scott
and Dukelow, 2011; Washabaugh et al., 2018; Washabaugh et al., 2016; Washabaugh and Krishnan, 2018). A variety of controllers have also been
developed for these devices, including techniques referred to as assist-as-needed, error augmentation, error reduction, and constraint-induced control
strategies (Johnson et al., 2005; Marchal-Crespo and Reinkensmeyer, 2009; Reinkensmeyer and Patton, 2009; Simon et al., 2007). Experience with
such devices and controllers suggests that patients remain more actively engaged when the robot requires them to initiate motion, and show greater
improvements in motor recovery (Abdollahi et al., 2014; Kantak et al., 2013; Krishnan et al., 2013a; Krishnan et al., 2013b; Krishnan et al., 2012;
Patton et al., 2006b; Rong et al., 2017).
However, such robots are often large, bulky, and expensive, thereby rendering them impractical to be engineered into a wearable device that could be
taken home. Further, assist-as-needed control algorithms that require patient’s neurophysiological signals (e.g., EMG or EEG) to infer their intention
to perform a particular movement (Brauchle et al., 2015; Rosen et al., 2001; Stein, 2009) are sensitive to electrode placement and skin properties, and
often lack fidelity due to crosstalk from neighboring muscles or brain regions (Marchal-Crespo and Reinkensmeyer, 2009). More importantly,
researchers have shown that incorporating sophisticated control algorithms (e.g., anti-slacking watchdog algorithms) could actually discourage motor
exploration and learning over time (Sans-Muntadas et al., 2014). However, appropriately designed body-powered robots could potentially address
many of these issues at a relatively low cost without compromising on safety.
A self-powered device provides a training environment that is somewhat similar to constraint-induced control strategies for rehabilitation robots—
derived from Constraint-Induced Movement Therapy techniques (Shaw et al., 2005; Taub et al., 1999; Uswatte and Taub, 2013)—where the patient is
encouraged to use their impaired limb through a forced use feedback and reinforcement scheme. Indeed, our results demonstrated that the device
encouraged use of the driven or impaired limb. The average muscle activation of the driven arm was higher during the self-powered conditions as
opposed to the externally-powered conditions. This was the case irrespective of whether the subject was told to actively engage or rest their muscles.
These findings were consistent between the different muscle groups, albeit to a greater extent in the antigravity muscles, such as biceps brachii and
brachioradialis, than the gravity-assisted triceps brachii muscle. Regression slopes derived from the cycle-by-cycle muscle activation levels also
indicated that this trend of greater muscle activation persisted throughout the trial and did not wane after the initiation of the trial. This finding is
particularly encouraging considering that patients often slack after the initiation of the trial while using some of the existing assist-as-needed control
algorithms: these algorithms typically necessitate active involvement of the patient only to trigger the robotic device, after which the robot takes
control of the movement (Marchal-Crespo and Reinkensmeyer, 2009).
Training with an elbow-elbow coupling device also resembles bimanual therapy. Although typical bimanual training does not provide mechanical
coupling of the limbs, it has long been a proposed strategy to improve function in individuals with stroke (Mudie and Matyas, 2000; Stinear and
Byblow, 2004; Whitall et al., 2000). Bimanual training is seen as potentially beneficial because it improves bimanual coordination and facilitates
reorganization of ipsilesional and contralesional networks (Bertolucci et al., 2018; Grefkes et al., 2008; Kantak et al., 2017; Luft et al., 2004; Stinear
and Byblow, 2004; Swinnen, 2002). Studies testing the effects of bimanual training have also found improved movement performance (e.g.,
kinematics, velocity, movement smoothness) and motor recovery of the paretic limb following training (Cunningham et al., 2002; Harris-Love et al.,
2005; Lin et al., 2010). However, it is unclear to what extent the reorganization of cortical networks (typically evaluated using fMRI or transcranial
magnetic stimulation) due to bimanual training are directly related to functional recovery; although it appears that improvements in functional
recovery are more evident in individuals who show evidence of cortical reorganization (Luft et al., 2004). Bimanual training has also been criticized as
there is a concern that use of the non-paretic limb may promote compensation and impede recovery of the paretic limb; although there is currently
little evidence to support this concern (Wolf, 2007). Thus, future studies should evaluate the neuroplastic effects of our proposed training, as it may
have meaningful clinical implications for training with a body-powered device.
The device we created for this study (featuring a fixed 1:1 transmission coupling the elbows using a Bowden cable) was the most basic
implementation of a body-powered rehabilitation robot, and was intended only to provide proof of concept for the use of self-powered robotic devices
for training. In its current form and under the testing conditions in this study, the device operates very similarly to how a patient may directly couple
their limbs following neurological injury (i.e., use their sound arm to grasp the wrist of their impaired arm and move it to a desired position). This
method is widely used by stroke survivors with upper extremity impairments, as it is a useful means to provide self-range of motion exercise to the
impaired limb or set the limb in a desired posture. However, bimanual limb–limb coupling is just a subset of how body-powered robots could operate
as a whole.
Indeed, many improvements can be made to the device to further implement the body-powered concept. More sophisticated designs for body-powered
rehabilitation robots would use controllable transmissions (e.g., based on digital hydraulics) (Gan et al., 2015; Treadway et al., 2018), where
responsiveness of the driven arm could be diversified by altering the transmission ratio provided between the arms (and even allow for negative
transmission ratios). This would change the proprioceptive feedback and perceived effort of the subject when driving their impaired limb, which could
be used to shift the cost function for using the impaired arm and increase engagement in training. For example, subjects could be penalized for relying
on their unimpaired limb by reducing the transmission ratio, which would increase the effort required to drive the impaired limb. Additionally, a
similar effect could be achieved if the device is deliberately and programmatically made dissipative. When the amount of dissipated energy scales in
proportion to the power transmitted through the device, slacking would be further penalized, as it would require more net effort to drive the dissipative
transmission with a single limb than under conditions in which both joints provided their own power.
These modifications would permit the device to remain self-powered and passive, because although external power is routed to the switches and
valves of the device, there is no flow of external power from the device to the user. Alternate extensions of the device could diversify the type of
training that is provided using these devices. For example, by coupling the proximal and distal joints within a limb (e.g., shoulder – elbow or elbow –
wrist), we could re-train normal synergies by targeting the abnormal synergies that are commonly observed after stroke (e.g., arm flexor synergies)
(Ellis et al., 2005; Krishnan and Dhaher, 2012). Similarly, lower extremity joints could be coupled to fabricate a body-powered gait rehabilitation
robot. However, using coupling constraints to coordinate complex motions would require variable transmissions to produce appropriate kinematic
behaviors of the driven joint (Gan et al., 2015; Treadway et al., 2018).
The findings of this study have meaningful implications for designing rehabilitation robots, as motor slacking is commonly observed when
rehabilitating individuals with neurological impairments using externally driven robots. This slacking has been theorized to be detrimental to recovery
and has been posited as a key reason for the limited effectiveness of robotic-assisted therapy in comparison to conventional therapies (Casadio and
Sanguineti, 2012; Emken et al., 2007a; Secoli et al., 2011). Our findings suggest that the use of body-powered robots can reduce slacking and
encourage active participation during rehabilitation. For example, stroke often results in learned disuse (Taub et al., 2006), where the individual
reduces the use of their impaired limb (i.e., slacks) and compensates with their ipsilateral or less impaired limb. By linking the impaired and
unimpaired arms of a stroke survivor using a self-powered robot, we can potentially harness the body power generated by their unimpaired limb
during compensation as a means to enlist effort from the impaired arm. Indeed, such coupling of motions has been shown to be an excellent brain
priming tool to facilitate motor cortical excitability and accelerate motor recovery after stroke (Byblow et al., 2012; Raghavan et al., 2017; Stinear et
al., 2014). Thus, prolonged use of a self-powered robotic device could prevent the formation of learned disuse in acute cases, or improve function for
those that are already affected, albeit this hypothesis has to be verified in clinical trials.
A key limitation of this study is that we only tested the device on a small cohort of subjects. This was done because this study was only intended to
provide proof of concept for the use of body-power in rehabilitation robots and was not meant to show the clinical potential of the device. We note that
increased muscle activation during self-powered conditions was observed in a majority of the subjects tested (12/13 in C2 vs. C4 and 8/13 in C1 vs.
C3), indicating that the results would not be expected to change with a larger sample size. We also note that we had an inherent assumption that motor
slacking is detrimental to recovery based on principles of motor learning and neuroplasticity (Kleim and Jones, 2008). However, after neurological
injury, subjects often have additional complications (e.g., co-contractions and spasticity) that can alter the control of routine volitional movements
(Levin and Dimov, 1997; Levin et al., 2000; Musampa et al., 2007) and even interfere with motor adaptation (Subramanian et al., 2018). Hence, it is
unclear if these complications would interfere with self-powered training, and more work is necessary to determine if increasing EMG (or reducing
motor slacking) can lead to better functional outcomes. An additional limitation is that the order of the testing conditions was not randomized between
subjects to avoid removal and reapplication of EMG electrodes and to improve efficiency in data collection time. However, data from another ongoing
study in our lab, in which we randomized the order of testing, indicate that the order of testing has negligible effects on the findings of the study.
In summary, this study provides proof of concept for the use of self-powered robotic devices for use in therapy. We designed and fabricated a device
that mechanically linked the user’s elbows via a cable transmission, and ran a human subjects experiment to determine the device’s ability to influence
motor slacking. Our results indicate that the device increased muscle activation and reduced slacking when it was driven with the subjects’ own body
power, especially when the subject was instructed to slack by resting their arm during the training task. Although further research is necessary to
understand the effects of such training, our results lay the foundation to develop more sophisticated body-powered robots (e.g., with controllable
transmissions) for rehabilitation purposes.
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